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Abstract 
The fatigue life of welded structures is often dominated by crack initiation and growth from the weld toes, where the notch or an 
initial crack like flaw determines the fatigue endurance of the structure. In the present paper, the equivalent crack length method 
is proposed for predicting the crack propagation life of a welded joint from this initial flaw of length a0 to a final crack at fracture 
lc. The geometrical configuration of a welded structure with stress concentration is assumed approximately equivalent to an initial 
crack in an unwelded plate. The equivalent crack length a0 depends on the joint geometry and is determined from a single 
experimental data point under the low cycle fatigue region, where most of the fatigue life is spent on crack propagation and the 
crack initiation cycle can be ignored. Once a Paris law type equation is determined by the single experimental data point, the 
fatigue life of the same type welded joint can be calculated for other applied stress ranges. The critical crack propagation length lc 
for final fracture depends on the applied stress level in terms of ΔKfc; with higher stress levels the crack propagation length may 
be very short, whereas with very low stress levels the maximum propagation length is longer but it is limited for unstable fatigue 
crack growth. In this way, the final crack length is related to the critical stress intensity factor ΔKfc. The method gives 
conservative results in the high cycle fatigue region as only the fatigue crack propagation phase is taken into account in the 
fatigue life calculation. The proposed approach has been successfully applied to experimental data. The extension of the proposed 
method for fatigue under variable amplitude loading will be also discussed. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
Keywords: Fatigue life; welded joints; crack propagation; equivalent crack length 
* Corresponding author. Tel.: +358-50-431-0249. 
E-mail address: eeva.mikkola@aalto.fi 
 014 Elsevier Ltd. Open access under CC BY-NC-ND license. 
lection and peer- eview under responsibility of the Norwegian University of Science and Tech ology (NTNU), Department 
of Structural Engin ering
1823 Eeva Mikkola et al. /  Procedia Materials Science  3 ( 2014 )  1822 – 1827 
1.
po
de
re
in
in
be
to
pr
cr
fo
co
pr
ra
w
 
In
ne
th
w
H
di
co
eq
It
or
in
da
cu
Fi
cr
Int
Th
ints
fec
sidu
flue
form
 ap
 pre
In 
opa
ack
r L
nce
opa
nge
 
here
 Eq
ede
ese 
De
eld 
obb
strib
rrec
uat
Th
 is a
 str
clud
ta p
rve
 
g. 1. 
ack i
rod
e fa
 of
ts, s
al 
ntia
ati
plie
dict
the
gati
 inc
CF 
ntra
gati
 ǻK
 
 
 C i
 
 
. (2
d fo
infl
term
geo
ach
uti
tion
ions
e ai
ssum
ess 
ed 
oin
 can
Sche
n an 
ucti
tigu
 hig
uch
stres
l fa
on f
d fle
 the
 low
on p
reas
and
tion
on 
 and
s th
) a 
r ta
uen
ini
met
er (2
on h
 fo
 for
m o
ed
con
in a
t is 
 be 
mati
unwe
on 
e s
h s
 as 
ses
ctor
or f
xib
 fati
 cy
has
es. T
 co
s. L
life.
 the
e Pa
is th
king
ce th
ng F
ry n
009
as 
r joi
 Mk 
f th
 tha
cent
 sin
use
esti
c vie
lded
tren
tress
lack
 cre
s fro
atig
ly to
gue
cle
e. I
her
nse
ine
 Th
 cra
ris 
e c
 in
e ap
 is 
eed
) th
an 
nt g
and
is pa
t an
rati
gle 
d to
mat
w of
 plat
gth 
 co
 of
ated
m t
ue d
 oth
 life
 fat
n th
efo
rvat
ar 
e Pa
ck g
law 
rack
to a
pli
ofte
 to b
e a
effe
eom
 Y fo
per
 init
on e
equi
 de
ed. I
 notc
e. 
of w
nce
 pen
 du
he 
esig
er c
 of w
igue
e h
re c
ive 
elas
ris 
row
con
 len
ccou
ed s
n d
e t
ppl
ct o
etry
r a 
 is t
ial 
ffec
vale
term
n th
hes o
eld
ntra
etr
ring
view
n b
ase
eld
 (L
igh 
alcu
resu
tic 
law
th r
stan
gth
nt t
tres
iffic
aken
ied 
n th
 an
few
o pr
flaw
t in
nt c
ine
is p
r ini
ed 
tion
ation
 th
poi
ut r
s th
ed j
CF)
cyc
latin
lts 
frac
 sta
ate 
t, m
, ǻı
he e
s dis
ult, 
 int
load
e g
d d
 sim
opo
 of 
 a w
rac
 the
aper
tial fl
join
, su
 an
e w
nt o
equ
an t
oin
 re
le f
g o
for
ture
tes 
da/d
 is t
 is 
ffe
trib
esp
o a
ing
eom
imen
ple
se a
size
eld
k w
 val
, th
aws 
ts is
ch 
d u
eldi
f fa
ires 
he s
ts by
gion
atig
nly 
 HC
 me
that
N f
he P
the
cts o
utio
ecia
ccou
 is 
etr
sio
 join
 sim
 a0
ed 
ith l
ue o
e pr
at the
 typ
as t
nde
ng 
tigu
a lo
tudi
 a s
, th
ue (
the 
F, 
cha
 the
or a
aris
app
f jo
n at
lly f
nt. 
first
ical 
ns M
t ge
ple
in a
stru
eng
f a
opo
 wel
ica
he w
rcut
proc
e. C
t of
ed o
imp
e c
HC
fatig
if t
nics
re i
 stre
 law
Δ
lied
int 
 the
or c
In t
 div
cor
k, a
om
 me
 sim
ctur
th a
0 fo
sed 
d toe
lly 
eld
s, lo
ess
ons
 exp
ne.
le m
rack
F) r
ue 
he 
 an
s an
ss r
d
d
 ex
K
 str
geo
 cra
om
he I
ide
rect
nd 
etrie
thod
ple
e. I
0. Th
r th
app
s of 
dete
 toe
cal
. Th
ider
erim
 In t
eth
 in
egim
crac
initi
d th
 ex
atio
a
N
=
pon
F=
ess 
met
ck p
plic
nter
d in
ion 
crac
s as
 to 
 unw
n th
is i
e jo
roac
some
rmi
s. T
ized
us, 
atio
en
his 
od b
itiat
e, 
k p
atio
e P
pon
 R =
CΔ
ent 
( )a Δ
rang
ry a
ath.
ated
nati
to m
fac
k sh
 we
eva
eld
is w
s sh
int g
h is
 typi
ned 
he
 str
the
n o
tal w
pap
ase
ion 
how
ropa
n li
ari
enti
 ımi
mK
and 
σ
e a
nd d
 
 stru
ona
em
tors
ape
ll as
luat
ed p
ay,
own
eom
 app
cal w
by
se lo
ess 
 co
f all
ork
er, t
d on
pha
eve
gat
fe i
s la
al r
n/ım
 ,
ǻK
aπ
nd F
ime
ctu
l In
bra
F.
 an
 a li
e th
late
 the
 sch
etr
lied
elde
fati
cal
pea
nfig
 the
. In
he e
 sin
se 
r, th
ion 
s n
w a
elati
ax =
is g
.
 re
nsi
res 
stitu
ne a
The
d si
st o
e fat
 is 
 geo
em
y in
 to 
d joi
gue 
 str
ks d
urat
se f
 ad
qui
gle
is t
e n
life
ot c
re 
ons
 0:
iven
pres
ons 
such
te o
nd 
 co
ze Y
f re
igu
app
me
atic
 qu
four
nts th
cra
ess 
ue 
ion 
acto
ditio
vale
 fati
ypic
um
shou
riti
used
hip 
 by
ent
as w
 as 
f W
ben
rrec
. H
fere
e lif
roxi
tric
ally
esti
 exp
at ar
ck i
con
to u
of 
rs s
n, t
nt c
gue
ally
ber 
ld 
cally
 fo
betw
 the 
s all
ell
wel
eld
ding
tion
obba
nces
e of
mat
al e
 in F
on. 
erim
e app
nitia
cent
nev
a w
epa
his
rack
 test
 sh
of c
give
 de
r pr
een
rela
 ge
 as t
ded
ing 
 str
 fac
che
 wit
 var
ely 
ffec
igu
Wit
en
roxi
tion
rati
en 
eld
rate
kind
 len
. 
ort 
ycl
 rea
cre
edi
 th
tion
ome
he 
 join
(IIW
ess
tor 
r (2
h ot
ious
equ
ts o
re 1
h th
tal d
mate
 an
ons 
toe 
ed j
ly m
 of
gth
com
es r
son
ased
ctin
e st
ship
tric
crac
ts, 
) r
es a
F i
009
her 
 typ
ival
f th
. A
is in
ata 
ly eq
d p
are
shap
oint
ay 
 an 
 me
par
equ
ably
 e.g
g th
ress
 
al c
k sh
whe
ecom
s th
s th
) gi
cor
es o
ent 
e fu
 sin
for
sets
uiva
ropa
due
es 
 inc
give
appr
thod
ed 
ired
 acc
. d
e f
 int
orre
ape
re a
m
e a
en 
ves 
rect
f w
to an
ncti
gle 
mat
. 
 
lent t
gat
 to
and
lud
 the
oac
 is p
to t
 to 
ura
ue 
atig
ensi
ctio
 and
lso 
enda
ppli
divi
app
ion 
eld
 in
on F
expe
ion,
o an
ion 
 we
 we
es m
 rel
h ca
rop
he 
initi
te re
to s
ue 
ty f
(1
(2
n fa
 siz
the 
tion
ed s
ded
roxi
fact
ed jo
itial
 ca
rim
 the
 initia
from
ldin
ldin
an
iabl
nno
ose
crac
ate 
sult
tres
crac
acto
) 
) 
ctor
e, a
loca
s b
tres
 int
mat
ors.
int
 flaw
n b
enta
 S-N
l 
 
g 
g 
y 
e 
t 
d 
k 
a 
s 
s 
k 
r 
s 
s 
l 
y 
s 
o 
e 
s. 
 
e 
l 
 
1824   Eeva Mikkola et al. /  Procedia Materials Science  3 ( 2014 )  1822 – 1827 
 
Nomenclature 
a  Crack length 
C, m  Paris law constant and exponent 
F  Geometry factor 
l  Crack propagation length 
N  Fatigue life in cycles 
R  Stress ratio (ımin/ımax) 
ǻK  Stress intensity factor range 
ǻı  Applied stress range 
Subscripts 
0/*  Equivalent value / equivalent (crack) 
c  Critical value 
f  Failure 
ref  Reference value 
th  Threshold value 
max/min  Maximum/minimum value 
2. The equivalent crack 
The equivalent crack is defined by a crack which reflects the effect of the geometrical factor F and the length of a 
real crack a after crack initiation at weld toe. Thus, the crack with length a0 is an initial imaginary crack in an 
unwelded structure including F and a, and the value of a0 depends on the weld joint geometry and dimensions. The 
stress intensity factor range ǻK is then given by 
 
 *K F a aσ π σ πΔ = Δ = Δ , (3) 
 
where a* is the crack length with values between the initial equivalent crack length a0 and the critical crack length 
lc = a0 + l. l is the crack propagation length. The crack propagation life for constant amplitude loading can now be 
calculated by integration from Eqs. (1) and (2). 
 
 ( ) ( ) ( )
0
0
( 2)/2 ( 2)/2
0 0
1 1 2 1 1*
( )* 2
a l
f m m m m
a
N da
C a l aa m Cσ π σ π
+
− −
ª º
= = −« »
+¬ ¼Δ − Δ
³   (4) 
 
In Eq. (4), the crack propagation length has to be positive, l  0, and the critical crack length lc has to be smaller than 
the plate thickness t, i.e.  (a0 + l) < t. The calculated fatigue life Nf in Eq. (4) is a function of the Paris law constant C 
and exponent m, the equivalent crack length a0, the crack propagation length l, and the applied stress range ǻı: Nf = 
Nf (C, m, ǻı, a0, l). Values for C and m depend on the material and can be found in literature. a0 and l are calculated 
based on a single experimental data point, where the values of Nf,ref and ǻıref are known, and the critical crack length 
defined by the critical stress intensity factor ǻKfc and limited by the plate thickness. 
The Paris law is limited by the critical stress intensity factor, here denoted ǻKfc, and the threshold stress intensity 
factor ǻKth. ǻKth gives a lower limit below which no crack growth is assumed. This is actually not correct as below 
this limit there is the short crack growth region, where the crack propagation does not follow Paris law. However, for 
conservativeness, it can be assumed, that no crack growth takes place below this limit, which is here defined by the 
threshold stress ǻıth and the initial crack length a0 
 
 0th thK aσ πΔ = Δ . (5) 
1825 Eeva Mikkola et al. /  Procedia Materials Science  3 ( 2014 )  1822 – 1827 
a)  b)  
Fig. 2. Schematic figure of a) the relationship between the S-N curve and b) the crack growth curve with different applied stress levels. 
ǻKfc on the other hand gives the upper boundary for stable crack growth. The maximum crack length for unstable 
crack growth is given by the critical crack length lc = a0 + l < t, where l depends on the applied stress level ǻı and is 
limited by the plate thickness t. 
 
 ( )0fcK a lσ πΔ = Δ +   (6) 
 
The Paris law region is shown in Figure 2(b), where the linear part is limited by the threshold and critical stress 
intensity factor ranges. Figure 2 illustrates also the effect of different applied stress ranges. With low applied stress 
ranges ǻı3 close to the threshold value, the crack growth rate is initially lower and fatigue life longer than with 
higher applied stress ranges ǻı1 and ǻı2. As ǻKfc is constant, higher applied stress ranges lead to shorter crack 
propagation lengths l and lower applied stress ranges lead to longer crack propagation lengths. The crack 
propagation length for different applied stress levels can be determined from Eq. (6) when a0 is known 
 
 ( ) ( )2 201ref ref refl a lσ σ σ σª º= Δ Δ − + Δ Δ« »¬ ¼ . (7) 
 
Once the equivalent crack length a0 has been determined, the S-N curve can be calculated using Eqs. (4) and (7). 
Finally, the threshold stress range ǻıth can be estimated from Eq. (5) when ǻKth is known. For more precise fatigue 
life estimation, the effect of ǻKth on crack growth rate near the threshold can be introduced through Eq. (4). 
3. Results 
The proposed method is applied to constant amplitude loading experimental data from Kihara and Yoshii (1991), 
Marquis (1996), and Haagensen and Alnes (2005). Kihara and Yoshii studied cruciform non-load-carrying joints of 
HT60 steel with a yield strength of 540 MPa. The 6 mm thick specimens were tested axially under a stress ratio of R 
= 0.05. Marquis as well as Haagensen and Alnes studied longitudinal non-load-carrying attachments. In Marquis 
(1996), the specimens were made of AISI 304 and S420 steels with yield strengths of 328 MPa and 420 MPa, 
respectively. Plate thickness was 10 mm and the specimens were tested with axial loading under R = 0. It was 
estimated that the endurance limits were 105 MPa for AISI 304 and 110 MPa for S420. In Haagensen and Alnes 
(2005), the specimens were made of S700 steel with yield strength of 700 MPa. The applied stress ratio was R = 0.1 
and the specimens were tested also under axial loading. Plate thickness was 8 mm. Table 1 gives the used material 
parameters for the different specimens, the calculation steps and the determined values for a0 and Δσth. Figure 3 
shows the experimental data and the estimated S-N curves for the longitudinal attachments and cruciform joints. 
Run-outs are indicated with arrows. 
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 Table 1. Calculation of the equivalent crack length and the corresponding S-N curves 
 
Kihara and Yoshii (1991) 
Cruciform HT60 
Haagensen and Alnes (2005) 
Longitudinal S700 
Marquis (1996) 
Longitudinal S420 
Marquis (1996) 
Longitudinal AISI 304 
I. Material parameters and the experimental data point 
C 5.7·10-12 1) 1.25·10-11 2) 5.7·10-12 1) 5.7·10-12 1) 
m 3.11 1) 2.84 2) 3.11 1) 3.11 1) 
ǻKfc [MPa¥m] 80 1) 90 2) 80 1) 80 1) 
ǻKth [MPa¥m] 4 1) 4 2) 4 1) 4 1) 
Nf,ref [cycles] 9 691 40 274 92 591 21 681 
ǻıref [MPa] 309 300 267 373 
lc [mm] < 6 < 8 < 10 < 10 
II. Calculation of a0 using Eqs. (4) and (6) and the limit lc = a0 + l < t 
a0 [mm] 2.43 0.84 0.42 0.75 
III. Calculation of  ǻıth using Eq. (5) and the S-N curve using Eqs. (4) and (7) 
ǻıth [MPa] 46 78 110 83 
  1) NRIM fatigue data sheet no. 21 (1980) 2) NRIM fatigue data sheet no. 31 (1982) 
 
 
a)  b)  
Fig. 3. Comparison of the experimental results and the calculated curves for a) longitudinal non-load-carrying attachments and b) cruciform non-
load-carrying attachments. 
4. Discussion 
The equivalent crack lengths and the resulting S-N curves were calculated for four different experimental data 
sets shown in Figure 3a) and b). The calculated curves represent the mean S-N curve and the characteristic curves 
for design purposes (e.g. 95% survival probability) need to be calculated separately. In two cases, S420 and HT60, 
the calculated S-N curves were in good agreement with the experimental data. For AISI 304 the calculated fatigue 
lives where slightly on the conservative side whereas for S700 the calculated S-N curve was clearly conservative, 
especially under lower applied stress ranges, with respect to the data. For S700 the conservativeness is due to the 
difference in the assumed (m = 3.11) and the observed (m > 5) S-N curve slopes. The calculated threshold stresses 
varied between 46 MPa and 110 MPa. The ǻıth value for S420 was the same as estimated in Marquis (1996), 
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whereas the ǻıth value for AISI 304 was on the conservative side. For AISI 304, S420 and S700 the estimated a0 
values were less than 1 mm. For HT60, the initial equivalent crack length was, however, a0 > 2 mm. This is due to 
the difference in the reference fatigue lives: for HT60 the value of Nf,ref was clearly lower than for S700 even though 
the applied stress ranges were almost the same. 
The proposed approach has two main benefits. First, only one data point is needed for the determination of the 
mean S-N curve. In this way, the fatigue life can be estimated even when there is very limited data available. In 
addition, the method could be used, together with experimental data, to estimate scatter in fatigue life. Secondly, the 
behaviour under very high applied stresses close to the critical stress intensity factor and also very low applied stress 
close to the threshold stress intensity factor can be taken into account through Eqs. (4-6). Verifying the behavior in 
these regions is however often problematic as most of the experimental data on welded joints is for fatigue lives 
between 1·104 and 1·107 cycles where the S-N curve slope is close to constant. 
The calculated fatigue life in Eq. (4) is for stress ratios of R = 0. For welded joints in the as-welded state, when no 
post-weld improvement methods have been used, it can be assumed that there are tensile residual stresses at the weld 
toes, which increase the local mean stresses experienced by the structure. Because of this, possible beneficial crack 
closure effects at these locations can be ignored at least as an initial assumption. This is also a conservative 
approach. In addition, as the local R > 0, it is often assumed that the applied stress ratio has little effect on the fatigue 
strength of welded structures [Hobbacher (2009)]. Therefore it is assumed here that at least cases with R is close to 
zero can be analyzed with Eq. (4). However, all these complex influential factors are implicitly included in the 
determination of the equivalent crack a0 and the calculation based on one experimental data point. This is the 
advantage of the proposed method. This method will be applied to the fatigue life prediction under variable 
amplitude loadings as it is expected that the sequence effect found in VAL could be taken into account with this 
approach. 
5. Conclusions 
The equivalent crack length method for determining the fatigue life of welded structures was proposed. One 
experimental data point is needed to determine the equivalent crack length after which, the mean S-N curve for the 
joint in question can be estimated. The method was applied to four data sets including non-load-carrying longitudinal 
and cruciform joints. All of the data was from axial constant amplitude loading tests with stress ratios close to zero. 
The calculated S-N curves were either in good agreement or conservative with respect to the experimental results. In 
this study, only constant amplitude loading cases were considered. However, the method can be extended to variable 
amplitude loading cases, where the sequence effect of varying stress cycles could be taken into account. 
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